Molecular motors have inspired many avenues of research for nanotechnology but most molecular motors studied so far allow only unidirectional movement. The archaeal RNA-exosome is a reversible motor that can either polymerize or degrade an RNA strand, depending on the chemical environments. We developed a single molecule fluorescence assay to analyze the real time locomotion of this nanomachine on RNA. Despite the multimeric structure, the enzyme followed the Michaelis-Menten kinetics with the maximum speed of ∼3 nucleotides/s, showing that the three catalytic cylinders do not fire cooperatively. We also demonstrate rapid directional switching on demand by fluidic control. When the two reaction speeds are balanced on average, the enzyme shows a memory of the previous reaction it catalyzed and stochastically switches between primarily polymerizing and primarily degrading behaviors. The processive, reversible, and controllable locomotion propelled by this nanomachine has a promising potential in environmental sensing, diagnostic, and cargo delivery applications.
C ells orchestrate myriads of different types of molecular motors, each assigned to perform its own biological role in such diverse processes as muscle contraction, 1,2 intracellular transport, 3, 4 ATP synthesis, 5, 6 and nucleic metabolism. 7, 8 In order to harness the robust nanomachines Nature optimized through millions of years of evolution, the nanotechnology community is mimicking biological systems by constructing nanoscale machines to carry out specific tasks in a controlled manner. 9, 10 To achieve such a goal, however, it is necessary to develop controllable motions for nanomachines along specific paths with external remote control for steering and directionality. In addition, their intrinsic properties such as speed, processivity, cooperativity, and stochasticity need to be known.
Several systems have been demonstrated as proof-ofconcept devices, including rotary machines, 6, 11, 12 linear stepping motors, 9, [13] [14] [15] and even synthetic DNA 16, 17 and muscle-based walking devices. 18 However, the field is still in its infancy, and researchers are continuously seeking more biological machines for other types of applications. In particular, reversible locomotion is important for developing transport and surveillance systems that can detect and respond to chemical and biological changes in local environ-ments. However, there exist in nature few machines capable of moving back and forth reversibly and in a manner controllable by chemical stimuli. Here we characterize and visualize the motion of a motor system called the RNA exosome. Exosomes and the distantly related degradosome complex are found in all phylogentic kingdoms and are central enzymes implicated in RNA decay, processing, and quality control. 19 The archaeal exosome is a nine subunit complex of a double-donut-like structure with a central chamber that degrades RNA ( Figure 1 ). The top trimeric ring (blue) possesses several RNA binding domains and is thought to help recruit RNA substrates and channel them through the pore into the processing chamber within the bottom ring. The bottom ring (red) consists of six subunits, a trimer of Rrp41: Rrp42 dimers, and contains three active sites for the 3′ f 5′ exoribonuclease activity. 20 The top ring (cap) thus acts as a molecular track holder whereas the bottom ring (core) serves as a catalytic motor. Two types of cap proteins (Csl4 and Rrp4) exist in archaea, presumably to impart specificity for different RNA tracks. 20 In the presence of free inorganic phosphate (P i ), the exosome phosphorolytically degrades RNA in the 3′ to 5′ direction, whereas in the presence of ADP (or other NDPs), it polymerizes the RNA by adding AMPs (or other NMPs) to the 3′ end. These two activities are catalyzed by the same active sites and are reversible. 20 It is unknown how the three active sites are utilized and whether they act cooperatively. No information is yet available on the rates of processive RNA degradation and polymerization or on how these two activities are coordinated and controlled in a physiological condition that has both ADP and P i .
To monitor both activities in real time via single molecule fluorescence resonance energy transfer (FRET), 21, 22 the Csl4 exosome complex was site-specifically labeled with a donor (Cy3) at the interface between the two rings with about one donor per complex ( Figure 1b ). The labeling did not significantly alter its activity (Figure. S1 in Supporting Information). The substrate consists of a single-stranded (ss) DNA annealed to a longer single-stranded RNA (ssRNA) with a polyA 3′ overhang and is labeled with an acceptor (Cy5) at the partial duplex junction ( Figure 1c ). The hybrid construct is tethered to a polymer-coated surface via the biotinylated duplex end ( Figure 1c ).
First, we observed the polymerization reaction ( Figure  2a ). Upon addition of ADP to the exosome preincubated with the surface-immobilized RNA, we observed a gradual FRET decrease caused by the increase in the time-averaged distance between the two fluorophores ( Figure 2b ). Such FRET decrease was not observed without ADP and is attributed to the extension of the RNA at the 3′ end and the associated movement of the exosome away from the junction. The exosome can be viewed as a nanoscale machine that builds its own molecular track to move along. The monotonically decreasing FRET shows that the polymerization activity of the exosome is indeed processive. If the enzyme were nonprocessive and dissociated quickly, we would have observed such a dissociation event as abrupt disappearance of fluorescence signal before FRET decrease is complete. Pauses have been widely observed in other processive nucleic acids motors such as RNA polymerases 23, 24 and helicases, 25,26 but we did not see any evidence of pauses in the single molecule trajectories of the exosome. Figure 2b illustrates how we determine the rate of polymerization. First, the reaction time was calculated as the time period during which FRET decrease was observed and its average, τ, determined from more than 100 molecules ( Figure S2 in Supporting Information). The difference in τ between two constructs with 30 and 15 nucleotide (nt) of 3′ ssRNA-overhang is attributed to the time taken for 15 nt synthesis ( Figure S3 in Supporting Information). The polymerization rate then is 15 nt divided by τ difference. Representative single molecule time traces showed the slowdown of the reaction as ADP concentration was lowered ( Figure 2c ). The polymerization rate vs ADP concentration curve could be well fitted by the Michaelis-Menten kinetics with a maximum velocity of 3 nt/s and a K m value of 1.3 mM ( Figure 2d ).
The exosome complex has three catalytically active sites, analogous to an automobile with three cylinders. One question we wanted to address is how the three cylinders are coordinated, for example, if they fire independently or collectively. The Michaelis-Menten curve, not a sigmoidal curve expected for a cooperative system, suggests there is no cooperative behavior among the three active sites during polymerization ( Figure 2d ).
Next, we investigated the activity of phosphorolytic degradation. Because it is difficult to chemically synthesize a long poly(rA) strand (>30 nt), we instead made a long RNA substrate enzymatically by prepolymerizing the substrate with 3′-15 nt ssRNA tail in situ using the exosome and ADP. For the long substrates produced this way, we can detect FRET change only when the exosome enters within ∼8 nm from the acceptor at the junction. Once FRET starts to increase, we expect that FRET will increase monotonically until the distance becomes about 3 nm ( Figure S4 in Supporting Information).
In the presence of P i , we observed a monotonically increasing FRET as the exosome digested the ssRNA strand in the 3′-5′ direction, showing that the degradation reaction is also highly processive without detectable pauses ( Figure  3a ,b). We determined the degradation time by measuring the time period over which FRET increased (Figure 3b ). Single molecule time traces showed that the FRET increase occurs more slowly at lower P i concentrations, consistent with exonuclease activity (Figure 3c and Figure S5 in Supporting Information). Because we do not know the exact length of the RNA being degraded during the reaction time, we could not determine the absolute speed of degradation from these measurements alone. Instead, we plotted the inverse of the degradation time vs P i concentration, and an excellent fit to the Michaelis-Menten curve yielded the K m value of ∼450 µM ( Figure S6 in Supporting Information). The result also shows the lack of cooperativity among the three active sites during degradation.
To determine the absolute rate of degradation, we performed a sequential reaction assay where the polymerization was first started and then degradation was triggered subsequently on the same RNA-exosome complex by flushing out 10 mM ADP with a P i solution at 10 mM ( Figure  4a ) or 1 mM (Figure 4b) . Both experiments showed a period of FRET increase followed by a period of FRET decrease, demonstrating that we can control the direction of the exosome movement by switching between ADP and P i .
Comparison of the apparent slopes between polymerization and degradation of each single complex showed that polymerization at 10 mM ADP is ∼5% faster than degradation at 10 mM P i (Figure 4c ) whereas it is ∼24% faster than degradation at 1 mM P i (Figure 4d ). Using the polymerization rate at 10 mM ADP (Figure 2c , top left corner), we calculate that the maximum rate of degradation at the saturating 10 mM P i is 2.8 nt/s, and could recast the Michaelis-Menten kinetics now with the absolute rate of degradation ( Figure  3d ). Moreover, we did not observe any significant delay between the two reactions (Figure 4a and Figure 4b) , indicating that the switching between two reactions is rapid. We estimate by how much FRET values change per 1 nt movement from the absolute calibrations and found that 1 nt gives rise to 0.011 change in FRET unit on average. Superposition of two Michaelis-Menten curves showed a crossing point (∼6.5 mM of ADP or P i ) where the polymerization and degradation speeds are the same (Figure 5a ). What would happen if the nominal degradation and polymerization rates are kept equal by having both 6.5 mM ADP and 6.5 mM P i in solution? In the tug-of-war between degradation and polymerization, will either of the two reactions win over the other? Or will they reach a pseudoequilibrium where the two reactions are balanced out? We initially hypothesized the exosome might add 1 nt and remove 1 nt with an equal probability. However, we observed a series of periods when one of the two reactions is dominant as shown by stretches of FRET increases and decreases (Figure 5b) . The apparent slopes of degradation and polymerization were 0.016 FRET unit/s and 0.014 FRET unit/s, respectively (Figure 5c,d) . These slopes were different only by a factor 1.6 from those obtained at 6.5 mM ADP alone or 6.5 mM P i alone ( Figure S7 in Supporting Information). The data therefore suggest that the enzyme may have preference for one reaction over the other for some periods and this preference may switch back and forth as a function of time, a mode of action often referred to as the memory effect. [27] [28] [29] Because random walk alone can generate a stretch of reaction during which one reaction dominates over the other, we attempted to make a quantitative comparison by carrying out simulations of the purely random walk case using two parameters obtained from experiments (∼0.011 FRET unit/nt and ∼2.6 nt/s at 6.5 mM ADP or P i ). The random walk simulation yielded a histogram of slopes that is quite different from the experimental result (Figure 6a,b) , further supporting the presence of memory effect.
Next, we modeled the memory effect by assuming that the reaction rates depend on whether polymerization or degradation occurred in the previous round. To be specific, we set the rate of the reaction that happened in the previous round, k I , at 2.6 nt/s and the rate of the reaction that did not happen in the previous round, k II , at 1.3 nt/s. An example FRET-time trace and histograms of the slopes based on this simulation of memory effect are remarkably similar to the experimental data (Figure 6c,d) , suggesting that indeed the exosome remembers which of the two competing reactions occurred and tends to repeat the same reaction. The mechanistic basis for the memory effect remains to be revealed but could for instance arise from two molecular conformations of the exosome and may offer the possibility for cellular regulation of the two opposing exosome activities.
Future applications using the exosome complex as a reversible and controllable motor require fundamental understanding of the intrinsic activities of the enzyme complex, and our studies represent the first kinetic analysis of processive activities of any exosome complex. We found that both degradation and polyadenylation activities are highly processive, and three catalytic sites do not act cooperatively. The enzyme can switch directions rapidly and remembers and prefers to repeat the previous reaction catalyzed. The autonomous reversible motion may be applicable to environmental patrol systems. Protein motor-based devices have limitations with regard to harsh environmental conditions and their lifetimes, but the archaeal exosome is stable even at 60-80°C 20 and may even be used as a smart dust autonomous device in high temperature and harsh environments.
Finally, our study is the first example of single molecule assay that not only accurately measures the rates of ssRNA degradation and polymerization in real time but also dem-onstrates a reversible engine. The only example of controllable and reversible motor protein before our work was the DNA polymerase which could be switched to the exonuclease mode by increasing the tension on the DNA template. 30 Our method can be directly applied to studies of other exonucleases that digest ssRNA and ssDNA.
Methods. Preparing for Protein and RNA. All components of the exosome complex were expressed and purified as previously described. 20 To label the exosome fluorescently at a specific site, we removed the two cysteines in the Rrp41 subunit core and introduced a new cysteine on its C-terminus via site-directed mutagenesis. The protein was labeled with Cy3-maleimide (Amersham Biosciences) following our standard protocol. 31 After the labeling, the nine subunit exosome (Rrp41-Rrp42-Rrp4) 3 was reconstituted by mixing all protein subunits in approximately equal stoichiometry. The Rrp41 labeling efficiency was ∼30% so that the nine subunit complex contains about one Cy3 molecule per complex after the reconstitution. The RNA oligonucleotides were purchased from Dharmacon and the DNA oligonucleotides were purchased from Integrated DNA Technologies. A biotin was incorporated to the 3′ end of the DNA strand during synthesis. Cy5 (Amersham Biosciences) was conjugated by an internal modification through a C 6 amino linker. Sequences of oligonucleotides are provided in the Supporting Information.
Single Molecule FRET Experiment. RNA/DNA hybrid constructs were immobilized on a poly(ethylene glycol)coated (PEG, Laysan Bio, Inc.) quartz slide to minimize nonspecific surface adsorption of proteins. The immobilization was achieved through interactions between biotinylated PEG and streptavidin and between streptavidin and biotinylated DNA. A 50-100 pM solution of DNA provided a surface density adequate for single molecule observations. The reaction buffer contains 20 mM Tris, 60 mM KCl, 10 mM MgCl 2 , 2 mM DTT, 50 µg/mL BSA, and 1 mg/mL Trolox 32 (Sigma Aldrich) and an oxygen scavenging system 26 of 1 mg/ mL glucose oxidase (Sigma Aldrich) and 0.4% (w/v) D -glucose (Sigma Aldrich) at pH 7.8. The exosome complex was incubated with the surface-tethered RNA/DNA substrates with EDTA in the reaction buffer lacking MgCl 2 for 5 min. Degradation and polymerization reactions were started at room tem-perature by injecting the reaction buffer containing P i or ADP of specified concentrations to the sample chamber.
Single-Molecule Data Acquisition. A dual channel total internal reflection fluorescence microscope was used. 33 A Nd:YAG laser (532 nm, 75 mW, Crystal Laser) was used as the excitation source. Fluorescence signal was collected by a water immersion objective (UPlanApo 60×, Olympus) and the laser light was blocked using a long pass filter with a cutoff wavelength of 550 nm. The fluorescence emission was further separated into the donor and acceptor channels with a 630 nm cutoff long pass dichroic mirror (Chroma) and was recorded in a video format by back-illuminated electronmultiplying charge-coupled device (Andor Technology) with a time resolution of 30 or 100 ms. Fluorescence intensities of donor and acceptor are presented in an arbitrary unit (a.u.). The data acquisition program was written in Visual C++ and the single molecule fluorescence intensities were extracted from the recorded video file using scripts written in IDL (Research Systems, Boulder, CO). FRET efficiency was approximated as the ratio of the acceptor intensity to the sum of acceptor and donor intensities after correcting for cross-talk between the donor and acceptor channels. All data were analyzed with programs written in MATLAB and were plotted in Origin. Because of stochastic labeling, some exosome complexes were labeled with more than one Cy3. These were easily identified as they showed higher intensities and also showed photobleaching events that occurred in two or more steps.
Simulation. Both simulations of memory effect and pure random walk models were carried out using Matlab. The rate of occurrence during the random walk simulation is independent of previous occurrences. Rates of both polymerization and degradation were fixed at 2.6 nt/s, which was determined from the experiment at 6.5 mM of either P i or ADP. In contrast, the rate of occurrence for the memory effect model depends on what happened in the previous reaction. For example, the rate of the reaction that happened in the previous round remains at 2.6nt/s in the following round whereas that of the other reaction that did not happened in the previous round becomes a lower rate such as 1.3nt/s if it happens in the following round, so that a biased tendency from the random walk is applied during simulations. We simulated 200 FRET-time trajectories of ∼60 s with time resolution of 100 ms for both models. FRET efficiency E begins from 0.475 and moves up and down between 0.8 and 0.15 in increments of 0.011 FRET per step which was determined experimentally. Poissonian noise was introduced to the donor and acceptor intensities, and then the FRET efficiency was determined by the ratio between the acceptor intensity and the total intensities. For the slope analysis, we visually picked all the moments of FRET signal changes that appeared as a kink point between two different consecutive slopes and obvious enough to pick up. The average time interval, over which we measure slopes, was ∼4.6 s for the random work simulation and ∼3.6 s for the memory effect model.
